Cuticular hydrocarbons of Formica japonica mainly consisted of pairs of n-alkanes and alkenes from C23 to C33, but those of F. truncorum consisted of alkadienes, alkenes, n-alkanes, and methyl alkanes from C25 to C48, with relative ratios of 0.3%, 8.2%, 28.4%, and 63.2%, respectively. Very long-chained hydrocarbons, larger than C34, accounted for 55.6% of the whole hydrocarbons. Such hydrocarbons were not previously found, presumably because of differences in analytical methods. Even after these very long-chained hydrocarbons were added to the analysis, the hydrocarbon profiles remained similar among colony members, but different enough between colonies to allow identification.
INTRODUCTION
Insect cuticular hydrocarbons are highly specific to species, and often play a part in sexual communication (Diptera: Oguma et al., 1992; Coleoptera: Fukaya et al., 2000) and species recognition (Lockey, 1988; Singer, 1998) . Such species-specificity enables the use of cuticular hydrocarbon constituents as chemo-taxonomical tools, especially for characterizing sibling species with subtle morphological differences (Howard, 1993) .
In eusocial insects, especially in ants, the cuticular hydrocarbons are believed to serve as key signals for nestmate recognition because the component ratios are shared by the colony members but differ among conspecific colonies (Howard and Blomquist, 1982; Bonavita-Cougourdan et al., 1987; Yamaoka, 1990; Howard, 1993; Vander Meer and Morel, 1998) . This idea has been well supported, but most evidences are circumstantial and based on correlation studies or bioassays with removal and replacement of the cuticular compounds via solvent extraction (Breed, 1998) . To explore the hypothesis, the pheromonal activity of the ant cuticular hydrocarbons should be compared with that of artificial blends of synthetic hydrocarbons though it is difficult to prepare the synthetic blends because most ant species have complex methylbranched alkanes with positional isomers. Formica japonica Motschoulsky appears to be suitable for such comparisons because of the simplicity of the cuticular hydrocarbon compositions, i.e., the hydrocarbons mainly consist of n-alkanes and alkenes (Yamaoka, 1990) , which enables to reconstruct the ant hydrocarbon blends with synthetic ones (Akino et al., 2004) .
Formica truncorum Fabricius also has a simple cuticular hydrocarbon composition, which is believed to link to its nestmate recognition (Nielsen et al., 1999) . The hydrocarbon profile has colonylevel and season-specific variation in F. truncorum (Nielsen et al., 1999) , as well as in F. japonica (Liu et al., 2001) . Despite the species-specificity of hydrocarbon compositions in general, the reported hydrocarbon compositions have strong resemblance between F. truncorum and F. japonica. Such compositional resemblance is often confirmed between socially parasitic ants and their host ant species (Yamaoka, 1990; Habersetzer and Bonavita-Cougourdan, 1993; Bonavita-Cougourdan et al., 1996 , 2004 Johnson et al., 2001; D'Ettorre et al., 2002 Group, 2003) . Unless they were in parasitic interaction, interspecific cuticular hydrocarbon resemblance would be rare.
This study analyzes the cuticular hydrocarbons of F. truncorum and F. japonica at the same GC conditions for the comparison of the compositions. These two ant species have opportunities to meet in nature in Japan, as they are sympatrically distributed in Hokkaido Prefecture (Japanese Ant Database Group, 2003) . Because F. truncorum is present not only in Asia but also in Europe, cuticular hydrocarbon compositions were also compared between European and Japanese populations.
MATERIALS AND METHODS
Formica truncorum workers were collected from four colonies in Maruseppu Town, Hokkaido, Japan in July 2004. Additional workers were also collected from three colonies in Helsinki, Norway in September 2004. Formica japonica Motschoulsky 1866 workers were collected from four colonies in Fukuoka, Osaka, Ibaraki, and Hokkaido Prefectures in Japan, because of intraspecific variations of the cuticular hydrocarbon components (Akino et al., 2002) . Additional F. japonica workers were also collected from three colonies in Kyoto in 1995.
Ten workers from each colony were individually immersed in approximately 1 ml of hexane for 5 min, and the extract was chromatographed on approximately 500 mg of silica gel (particle size: 75-150 mm, Wako gel C-200, Wako Pure Chem. Ind., Ltd., Osaka, Japan). Hydrocarbon components were eluted with ca. 3 ml of hexane. The hydrocarbons were further chromatographed on 0.5 g of silica gel impregnated with 10% silver nitrate (Aldrich co., USA), and successively eluted with 3 ml of hexane, 1, 2, 5, 10, 30 and 50% ether-inhexane, and ether. Unsaturated hydrocarbons were reacted with dimethyl disulfide (DMDS), and the DMDS adducts were immediately analyzed by gas chromatography-mass spectrometry (GC-MS) (Dunkelblum et al., 1985) .
Gas chromatography (GC) analyses were performed on a Hewlett Packard 6890 GC equipped with an apolar capillary column DB-1ht (J & W, 15 mϫ0.25 mm IDϫ0.15 mm film thickness) and a flame ionization detector. Injection was made directly onto the column through the cool on-column injector at 53°C for the solvent extracts, and the injector temperature was programmed at the column oven temperature plus 3°C thereafter. Helium was used as the carrier gas at a column head pressure of 60 kPa. The column oven temperature was 50°C for 1 min, 50°C to 380°C at 20°C/min, and was then held at the final temperature for 5 min. Temperature at the detector was set at 390°C. A series of authentic n-alkanes, including n-icosane (nC20),
, n-tetracontane (nC40), and n-tetratetracontane (nC44) (Sigma Co., USA), were analyzed to calculate individual equivalents of chain length (ECL) in the same condition with the ant cuticular hydrocarbons.
GC-MS analyses were performed on a JEOL JMS SX-102A double focusing mass spectrometer interfaced with a HP 6890GC. GC condition was the same as that of GC analyses except for the column head pressure of Helium at 16 kPa. Temperature of the interface was set at 360°C.
Resemblance of the cuticular hydrocarbon profiles were evaluated after all the data were standardized by the method in Aitchinson (1986) :
where Z ij is the standardized peak area i for individual ant j, Y ij is the observed peak area i for individual ant j, and g(Y j ) is the geometric mean of all peak areas for ant j included in the analyses. An analysis of quantitative variation in peak volumes was then done by principal component analyses and cluster analyses. All the multivariate analyses were performed with the "BlackBox package" for data analyses in Aoki (2004) .
RESULTS
Figure 1 compares GC profiles of the cuticular hydrocarbons of Japanese F. truncorum (a) and F. japonica (b) at the same GC condition. Each compound was estimated by respective mass spectra and retention index on a gas chromatogram. The cuticular hydrocarbons of F. japonica consisted of alkadienes, alkenes, n-alkanes, and methyl alkanes from C25 to C33 (Table 1) , the relative ratios of which were 1.3%, 73.1%, 22.8%, and 2.8%, respectively. The maximum number of the total carbon was 33, while the relative ratios were large and in order of the total carbons were 27, 29, 31, and 33 ( Fig. 1) . The cuticular hydrocarbons of F. truncorum also consisted of alkadienes, alkenes, nalkanes, and methyl alkanes from C25 to C48 (Table 1) , the relative ratios of which were 0.3%, 8.2%, 28.4%, and 63.2%, respectively. Maximum number of the total carbon was 48, and the hydrocarbons of which total carbons were less than 33 accounted for 44.4% of the whole hydrocarbons. A list of expected compounds is presented in Table 1 , although most of the longer-chained hydrocarbons were impossible to estimate on the basis of mass spectra (Fig. 2) . Demethylated fragment ions were confirmed, so that it was possible to estimate the molecular formula; i.e., peaks 31, 35, 39, 43, and 47 provided demethylated fragment ions at m/z 505, 533, 561, 589, and 617, so that they were estimated to be C 37 H 76 , C 39 H 80 , C 41 H 84 , C 43 H 88 , and C 45 H 92 , respectively. After considering ECL value of each compound, all were assumed to be dimethyl alkanes, although the position of methyl branches were uncertain. Resolution was worse in GC-MS than GC, although the same kind of capillary column was used for the analysis; presumably this was due to the temperature of the interface connecting GC and MS. It was also hard to calculate retention indices because of difficulty in obtaining the standard hydrocarbons greater than C40. Figure 3 shows the intraspecific variation of the cuticular hydrocarbon composition in F. japonica, collected in Hokkaido (a), Ibaraki (b), Osaka (c), and Fukuoka (d) Prefectures. Four different patterns of the cuticular hydrocarbon compositions were confirmed, as Akino et al. (1999) reported. Type c had the simplest component patterns, which consisted mainly of n-alkanes and alkenes. Type a, which had opportunities to meet F. truncorum in nature, possessed various methyl-branched alkanes. The ranges of the carbon numbers were smaller than those of F. truncorum (Fig. 1) . Figure 4 compares the cuticular hydrocarbon compositions of Finnish (a) and Japanese (b) F. truncorum workers. They shared hydrocarbon components but the profiles differed. Principal component analysis (PCA) was also conducted on CHC data obtained from a total 70 F. truncorum workers. Ten F. truncorum workers each from four Japanese and three Finnish colonies were plotted together on a grid based on similarity of cuticular hydrocarbon profiles. The first, second, and third principal components accounted for 31%, 29%, and 19% of the total cumulative variance, respectively. A plot of the first and second principal com- 43, 57, 71, 85, 168, 196, 211, 323, 631, 645, 659 a The position of double bonds in unsaturated compounds was estimated on the basis of fragmentation patterns of the corresponding DMDS adducts (Dunkelblum et al., 1985 ponents accounted for 60% of the total cumulative variance (Fig. 5a ). Analysis of these principal components shows that the workers can be classified into seven colonies corresponding to four Japanese and three Finnish colonies (Fig. 5a ). Ten F. japonica workers each from four colonies collected in Osaka and Kyoto were plotted in the same manner with a clustering of colony members (Fig. 5b) . The first and second principal components accounted for 33% and 25% of the total cumulative variance, respectively. Figure 6 compared the total ion chromatograms obtained when the cuticular hydrocarbons of F. truncorum were analyzed by GC-MS at the splitless injection mode. When the injection port was heated at 220°C and the column oven temperature was programmed to 270°C, the chromatogram (Fig. 6a) was quite similar to that reported by Nielsen et al. (1999) . The peaks A, B, and C were identified as n-pentacosane, n-heptacosane, and nnonacosane. Longer-chained hydrocarbons were not detected under this analytical condition. In contrast, when the injection port was heated to 300°C and the column oven temperature was programmed to 320°C, long-chained hydrocarbons greater than C29 were confirmed (Fig. 6b) . Thus, analytical conditions have great influence on cuticular hydrocarbon gas chromatograms.
DISCUSSION
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T. AKINO Fig. 2 . Mass spectra of long-chained hydrocarbon components. One appropriate structure was shown on each spectrum, which was of mixtures of several positional isomers.
tained various methyl alkanes larger than C31, in addition to n-alkanes and alkenes from C25 to C31 (Figs.1 and 4) . Both Finnish and Japanese F. truncorum presented identical cuticular hydrocarbon compositions, the range of which was from C25 to C48, though the relative ratios of the compounds differed (Fig. 4) . Thus, the reanalyzed cuticular hydrocarbons presented more complex compositions than those that had been reported by Nielsen et al. (1999) . The analytical GC condition in the present study was sufficient to elute high boiling point of hydrocarbons, at least to the level of n-tetratetracontane. Therefore, F. japonica would not have such a high boiling point of cuticular hydrocarbons despite four intraspecific variations in the compositions (Fig. 3) , and F. japonica and F. truncorum have apparently different hydrocarbon compositions (Fig. 1) .
Further multivariate analyses indicate that the cuticular hydrocarbon profiles were shared by the colony members but differed among colonies in both F. truncorum and F. japonica (Fig. 5) . This indicates that profiles are specific to colonies in F. truncorum. It is most likely that the profiles serve as the key signal for nestmate recognition in F. truncorum, as well as F. japonica. Thus, this study partially supports the previous report by Nielsen et al. (1999) except for the hydrocarbon compositions. F. truncorum has been considered an appropriate social insect to study inheritance of nestmate recognition signals (Boomsma et al., 2003) , and the biology has been well studied (Boomsma and Grafen 1991; Sundström, 1994; Sundström and Ratnieks, 1998; Sundström and Boomsma, 2000) . Nestmate recognition relies on the cuticular hydrocarbons, the composition of which was believed to be simple (Nielsen et al., 1999) . The tested hydrocarbon compositions were, however, incomplete in those studies. Therefore, it would be difficult to . Gas chromatograms of the cuticular hydrocarbons of Japanese F. truncorum that were injected by splitless mode at 220°C with the GC column oven heated to 270°C (a), and that were injected by splitless mode at 300°C with the GC column oven heated to 320°C (b). discuss the roles or heritability of the hydrocarbons. This study suggests that F. japonica is more appropriate species than F. truncorum to study inheritance of nestmate recognition signals.
The Japanese F. truncorum has opportunities to encounter F. japonica populations, which possesses cuticular hydrocarbons of type a (Fig. 3) . Their cuticular hydrocarbon compositions, however, do not resemble each other. With the exception of very long-chained hydrocarbons, F. truncorum and F. japonica populations of type c presented similar hydrocarbon compositions, despite the fact that they presumably have few chances to meet in nature. It is uncertain whether this partial resemblance of the cuticular hydrocarbons has any ethological meaning. According to Ozaki et al. (2005) , minute differences in the hydrocarbon profiles were detected by chemosensilla on the antennae in Camponotus ants. Similar chemosensilla may exist on the antennae of Formica ants. Further behavioral, chemical and physical comparison will provide clues to interspecific interactions, including recognition mechanisms, between these two species.
The analytical conclusions of the hydrocarbon composition significantly different between Nielsen et al. (1999) and the present work, though both agreed on the colony-specificity of the hydrocarbon profiles. Its causes may include many differences in sample preparation, sample injection method on GC, GC conditions (including types of capillary column), and temperatures of injector and column oven. Among these, the programmed temperatures of both the injector and column oven may cause the most significant differences. The Keele solid sample injector (Morgan and Wadhams, 1972; Morgan, 1990, 1991; Morgan, 1990) , used by Nielsen et al. (1999) , is presumably one of the ideal injection methods to introduce highly volatile samples on GC. Although it would be viable for use with low volatility compounds at high levels of heating, Nielsen et al. (1999) heated the injector only up to 220°C and the column oven up to 270°C. These temperatures may have been insufficient for analyses of high boiling point hydrocarbons. Long-chained hydrocarbons, such as n-triacontane (450°C) and n-tetracontane (566°C) have high boiling points. Presumably, such very long-chained hydrocarbons were not expected when establishing the analytical condition. Although it was impossible to create the condition identical to that in Nielsen et al. (1999) , it was possible to infer much from the GC analyses with simulated conditions (Fig. 6) .
Ant cuticular hydrocarbon chemistry has been well studied for decades because of its importance as a possible cue for nestmate recognition (Yamaoka, 1990; Vander Meer and Morel, 1998) . Recent advances and spread of GC analyses enable the relative ease of hydrocarbon study. However, there has been variability in sample preparation and the analysis condition of some reports. The most popular methods for cuticular hydrocarbon analyses involve rinsing the ants in solvent, isolating the hydrocarbons with a short chromatographic column, concentrating the solution for analysis suitability, setting GC equipment at a proper analysis condition, and applying the solution on GC and GC-MS by the splitless injection method. Despite discussing the effect of cuticular hydrocarbons, many researchers omit the isolation process, because the hydrocarbons are abundant in the cuticular rinse. It is undesirable to disregard this process if a study aims to include hydrocarbon profile comparison.
As there are disadvantages to the classical splitless injection (Janssen, 1998) , some researchers have sought greater efficiency through methods, such as solvent-free direct injection with solid sample injectors (Brill and Bertsch, 1985; Nielsen et al., 1999) , such as the Keele solid sample injector (Morgan and Wadhams, 1972; Morgan, 1990) . This enables the introduction of all the cuticular hydrocarbons from a piece of ant body onto GC, but also simultaneously introduces hydrocarbons of the haemolymph remaining in the piece (Brill and Bertsch, 1985) . Another technique is to use the solid phase mediated extraction (SPME) method as the solvent-free direct injection, which enables the extraction of cuticular hydrocarbons from a living worker without killing it (Moneti et al., 1997; Monnin et al., 1998) . It also enables to detect long chained hydrocarbons upto C40 or so under the proper GC condition (Howard and Baker, 2004) . In contrast, cool on-column injection was another choice to counter disadvantages of the classical splitless injection (Grob, 1987; Janssen, 1998) . Combining this injection method with solvent extraction, which enables only the recovery of the cuticular hydrocarbons (Brill and Bertsch, 1985) , is likely to be sufficient for analysis of high boiling point hydrocarbons. It is also quite important to set GC equipment at proper analysis conditions for targeting cuticular hydrocarbons. If the heat condition is insufficient, it is impossible to detect high boiling point hydrocarbons. Recent studies have revealed the existence of such high boiling point hydrocarbons (and esters) on the cuticle (Monnin et al., 1998; Akino et al., 1999; Nelson et al., 2000 Nelson et al., , 2001 . To prove the existence of very high boiling point hydrocarbons, matrix-associated laser desorption/ionization (MALDI) time-of-flight (TOF) mass spectrometry was applied, and successfully suggested the existence of C60 hydrocarbons on the termite cuticules (Cvačka et al., 2006) . However, it does not give more detailed information of the hydrocarbon compositions because it is not connected with GC. It is necessary to pay attention to both extraction and injection methods, and also to define the analysis condition on GC after acknowledgement of the relevance of the high boiling point hydrocarbons.
